We propose an electron transfer-mediated amperometric enzyme biosensor based on plasma-polymerized thin film of dimethylaminomethylferrocene (DMAMF) on a sputtered gold electrode. The DMAMF plasma-polymerized film is deposited directly onto the surface of the electrode under dry conditions. The resulting thin film not only has redox sites but also is extremely thin (∼20 nm), adheres well onto the substrate (electrode), has a flat surface and a highly-crosslinked network structure, and is hydrophilic in nature. Glucose oxidase is densely immobilized onto the surface of DMAMF plasma-polymerized film on the gold electrode. From the electrochemical measurement, the biosensor can cover the wide range of glucose concentration (1.3 -81 mM) at +350 mV of applied potential. The current response of the glucose biosensor was decreased by less than 5% in an aerobic solution as compared to that in an anaerobic solution. These show that the DMAMF plasma-polymerized films play a role as the electron transfer mediators between the reaction center of enzyme and the electrode.
Introduction
An amperometric enzyme biosensor is a device that converts information on the concentration of chemical or biochemical substances into a quantifiable electronic signal. The enzyme recognizes target molecules with the direct transduction of the reaction rate into a current. In those, mediator enzyme biosensors for detection of blood sugar are the most popular and commercialized biosensors: these help type II diabetes mellitus patients to monitor their daily sugar level. The electron mediator plays a role as the medium for electron transfer between the catalytic center of the enzyme and the electrode. Then, an effective electronic signal that is proportional to the glucose concentration is obtained without influence of oxygen concentration and without any obstacle due to an electrochemical species such as ascorbic acid. A ferrocene is a typical mediator for enzyme biosensors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Usually, the enzyme and mediators are embedded or immobilized in/onto a cast polymer on an electrode surface. The integrated design for sensor device between enzyme and redox site strongly influences the sensor characteristics. Therefore, the many strategies for the electron transfer system have been proposed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, it is not easy to design for practical use. Firstly, one needs a complicated fabrication process such as the synthesis of polymer and immobilization of enzyme. Secondly, one needs to tune the wettable balance between hydrophobic redox site of ferrocene and hydrophilic enzyme.
The plasma polymerization film (PPF) is achieved by glow discharge or plasma in a vapor phase. 13 The properties of the PPF film include (a) the ability to be made extremely thin (< 1 µm), (b) the good adhesion to any substrate, (c) the pin-holefree and flat surface structure, (d) the mechanical and chemical stability (a result of its highly-branched and cross-linked structure), and (e) the capability to accommodate a large amount of biomaterials, such as enzymes, 14 antibodies, 15 and oligonucleotides 16 which can be immobilized onto the surface of the film. We propose a new strategy for the fabrication of mediator biosensor, based upon PPF. Although there are some reports of plasma-polymerized dimethylaminomethylferrocene (DMAMF), 17, 18 its application as a mediator biosensor has not been reported. The DMAMF is probably a suitable monomer for biosensor design based on PPF: firstly, because vaporization of DMAMF is easier than that of some other monomer containing ferrocene such as ferrocene, vinylferrocene, or ferrocene acetontrile; and secondly, because the DMAMF PPF has amino groups which enable a large amount of enzyme to be immobilized. In this article, we present the characterization and usefulness of amperometric enzyme biosensors based on mediated electron transfer of DMAMF PPF.
Experimental

Chemicals
Distilled water, potassium dihydrogenphosphate, disodium hydrogenphosphate, D-glucose, hydrogen chloride and glutaraldehyde were purchased from Kanto Chemical Inc. (Tokyo, Japan). The enzyme glucose oxidase (GOD) from aspergillus niger (EC 1.1.3.4, type VII-S, 181600 units/g) and L-ascorbic acid were purchased from Sigma (St. Louis, MO, USA). DMAMF was purchased from Aldrich (Milwaukee, WI, USA). All reagents used in this work were used without further purification.
Plasma polymerization
The apparatus for the plasma polymerization was produced by Samco International Laboratories, Inc. (Model BP-1, Kyoto, Japan). An RF generator (Model RFG-300, Samco), coupled to a matching network to minimize reflected power, was employed. The working frequency of the power supply was 13.56 MHz. The method for inlet of DMAMF to chamber was found in the literature. 19 
Device fabrication
An electrochemical biosensor device was fabricated on the basis of the semiconductor layer-by-layer processes. The device was formed on a 150-µm-thick glass substrate. Its planar dimensions were approximately 50 × 50 mm 2 . All metal layers were sputter-deposited and patterned by a mask process. Glass slides used to make thin film electrodes were cleaned in 50% nitric acid for 1 h and then rinsed with water and acetone.
The gold thin films were sputtered with an apparatus manufactured by Ulvac, Inc. (VEP-1000, Tokyo, Japan). The gold film thicknesses (200 nm) were determined from a surface profiler and quartz crystal microbalance. A 40-nm-thick chromium (Cr) intermediate layer was used to promote the adhesion of the gold layer. The dimension of the openings for the working electrode was 5 × 5 mm 2 . A DMAF PPF is deposited onto the gold electrode. The deposition conditions are as follows: power, 50-W; pressure, 5.0 Pa; plasma exposure time, 1 min (ca. 20 nm of film thickness). The surface of DMAF PPF has amino groups by which enzymes can be immobilized. In the last stage, immobilization of the enzymes was achieved by applying 2.5% aqueous glutaraldehyde solution to the surface of the PPF, washing with water, and then dropping 2077 units/g GOD solution in phosphate buffer (20 mM, pH 5.6) onto the film. Ten minutes later, the device was washed in water and stored in the refrigerator at 4˚C until use.
Measurements
Cyclic voltanmmetry and stationary potential measurements were performed with an electrochemical analyzer (ALS Instruments, Model 701A). The three-electrode configuration was used. An Ag/AgCl reference electrode (Model RE-1C) and a platinum wire counter electrode were purchased from Bioanalytical Systems.
The working electrode was the fabricated devices. Electrochemical measurement was carried out in a single-compartment cell with a 10-mL volume at laboratory ambient temperature (21 ± 1˚C). The solution used was 20 mM, pH 7.4, phosphate buffer (mixture of KH2PO4 and Na2HPO4). A stock glucose solution of 0.1 M or 1 M was added to the desired concentration and the procedure was repeated. After applying the potential for stationary potential measurements, the background current was allowed to decay until the baseline was stable before samples of a stock glucose solution were added to the buffer solution.
Results and Discussion
Characterization of dimethylaminomethylferrocene plasma polymerized film
The chemical structure of plasma-polymerized DMAMF is similar to that of the monomer. 18 Because of the occurrence of rearrangement reaction of the monomer in the plasma, the structure is made of highly-branched and incompletelycrosslinked aliphatic hydrocarbon backbone chains containing the nitrogen atoms and the pendant of ferrocene. The nitrogen atoms are in various forms such as primary amines, secondary amines, tertiary amines, and -C=N-groups. Because of such nitrogen atoms, the surface of DMAMF PPF showed the hydrophilicity (contact angle for water was ca. 80˚). This structure is suitable for biosensor application: firstly, because the hydrophilic sites involve the polymer, and secondly, because the negatively charged biomolecule (enzyme) is easily loaded onto positively charged surface of the film that is immobilized by cross-linking reagent. Therefore, the effective electron transfer is obtained. If the DMAMF PPF was assumed to be monomer DMAMF with a density of 1.23 g/cm 3 , the concentration of ferrocene sites would be 5.1 × 10 -3 mol/cm 3 . Therefore, the surface coverage of 20 nm thickness film was 1.0 × 10 -10 mol/cm 2 . The cyclic voltanmetry showed some evidence for the electron transfer in the electrode coated with 20 nm of DMAMF PPF. 18, 19 Compared with similar concepts for strategy with the redox polymers containing polyethyleinmine, 10 poly-L-lysine, 11 and poly-allyamine, 12 our method is thought to be robustness because this is very simple and solventless. The matrix for enzyme immobilization and mediator can be obtained after only 1 min of plasma exposure time; thus, the plasma process is compatible with the micromachining process and is verified to be a simple process for electrode fabrication. Since the process is a dry process, the coatings form on complicated patterns and three-dimensional shapes as thin, homogeneous, stronglyadhesive films that have reproducible features.
Sensor characteristics
The DMAMF PPF functioned well as a mediator, shuttling electrons between GOD and the gold electrode. Figure 1 showed the cyclic voltammogram which was obtained in the absence and presence of glucose. Upon the addition of glucose, the voltammetry changes dramatically with a large increase in the oxidation current at around +350 mV. One possible mechanism can be expressed as follows:
GOD → 
The DMAMF PPF can mediate electron transfer from reduced GOD efficiently even with both a high current density and a low operating potential compared to amperometric biosensor without electron mediator (oxidation of hydrogen peroxide caused by enzymatic reaction) based on PPF. 14 Figure 2 shows the calibration curve obtained using a device in 20 mM phosphate buffer. The response current increased linearly over a wide range from 1.3 to 81 mM. The sensor responses were differentiated well enough to cover the clinically significant concentration range of glucose within the dynamic range of the sensor.
A typical glucose response for DMAMF PPF enzyme electrode at an applied potential of +350 mV in aerated and anaerated condition is shown in Fig. 3 . The current increased stepwise with additions of glucose. The DMAMF PPF was so thin that the distance between the electrode and the reaction center of enzyme is very small. As a result, the time required to reach 95% of the steady-state current was less than 10 s after addition of the glucose sample. There are three main steps in the reaction of the ferrocene mediators with glucose oxidase; (i) diffusion of the substrate from the bulk solution to the surface of the enzyme; (ii) transfer of the electron from the reaction center of enzyme to the mediators, (iii) transport of the electron from the mediators to the electrode.
Step (i) is a rapid process because the glucose oxidase was densely and two-dimensionally packed onto the surface of PPF. 20 Step (ii) is thought to be the rate-determining step, as noted in the previous report. 21 In our case, the enzyme is a compact spheroid with approximate dimensions 6 × 5 × 3.7 nm 3 , 22 which allows at the ordered packing limit 9.0 × 10 -12 mol/cm 2 of enzyme on DMAMF PPF; the surface coverage of mediators was 1.0 × 10 -10 mol/cm 2 . Therefore, the contact between the redox site and reaction center of enzyme is efficiently carried out.
The current response of the enzyme electrode at 2.5 -10 mM glucose was decreased by less than 5% in an aerated solution as compared to that in an argon-flushed solution. This indicates that the enzymatic reaction through oxygen is a minor process and that the effective shuttle electron transfer with mediator as Eqs. (1) - (3) is obtained.
Conclusion
We demonstrated the usefulness of the amperometric enzyme biosensor based on mediated electron transfer through DMAMF PPF on gold electrode. The electrochemical measurements show that the biosensor can cover the wide range of glucose concentration (1.3 -81 mM) at +350 mV of applied potential. The current response of the glucose biosensor was decreased by less than 5% in an aerobic solution as compared to that in an anaerobic solution. These show that the DMAMF plasmapolymerized film plays a role as the electron transfer mediator between the reaction center of enzyme and the electrode. As a simple dry process intended for mass production, it is suitable for easy design of mediator layer of any kind and shape of electrode; this will be applicable to immobilization of a biological component. 
